subpopulations of VNO neurons, each presumably ex-
-sensing reto behavioral, cognitive, and emotional responses that ceptor, the metabotropic glutamate receptors and two are largely shaped by learning and experience. Neurons putative taste receptors T1R1 and T1R2 (Hoon et al., of the MOE project their axons to the main olfactory 1999). This receptor family, which in mouse and rat conbulb (MOB) in the dorsal telencephalon, which in turn tains 50-100 functional genes, is characterized by a very send fibers to the primary olfactory cortex (Farbman, large and divergent N-terminal domain that is likely to 1992). In contrast, more primal information is carried by represent the extracellular ligand binding domain. species-specific blends of chemicals, the pheromones, Why has such molecular diversity of vomeronasal reand is likely to bypass the brain's cognitive centers.
ceptors emerged? The recent analysis of VNO response Pheromones have evolved in all animal phyla, including to pheromonal stimuli directly demonstrates that natural mammals, to signal the sex and the dominance status sources of pheromones, such as urine, activate large of animals and to promote mating and social rituals subsets of sensory neurons (Holy et al., 2000). However, among conspecifics. In mammals, pheromones are priin sharp contrast to the combinatorial mode proposed marily detected in a distinct olfactory structure apposed for olfactory recognition in which specific odorants are to the ventral nasal septum, the vomeronasal organ recognized by multiple and overlapping populations of (VNO). Tracing experiments show that VNO sensory pro-MOE neurons (Buck, 2000), individual pheromonal comjections are kept separate from those of the MOE: VNO pounds seem to activate distinct subsets of VNO neufibers reach the accessory olfactory bulb (AOB) located rons (Leinders-Zufall et al., 2000). The lack of promiscuity in the VNO neuronal response implies that multiple pressing a specific pheromone receptor, function as independent chemosensors for many still uncharacterized pheromonal cues. The large heterogeneity and extreme specificity in the VNO neuronal response leads to the prediction of a high molecular diversity among pheromone receptors. We report here the characterization in mouse of a novel family of candidate pheromone receptor genes, the V3Rs, with a potential functional homolog in humans. This gene family appears distantly related to the V1R family of pheromone receptors and the T2R family of taste receptors. We show that V3R neurons form a distinct population of VNO sensory neurons in the apical VNO neuroepithelium. Our data demonstrate a striking cellular and molecular complexity in the organization of the mammalian vomeronasal system and provide an essential framework for the understanding of pheromone signaling leading to innate behaviors.
Results
The VNO neuroepithelium is subdivided into two anatomically and molecularly distinct compartments: the luminal (or apical) half of the neuroepithelium coexpresses V1Rs and a G protein ␣ subunit G ␣i2 , whereas the basal half is V2R and G ␣o positive (Figure 1 ). Immunocytochemistry suggests that fibers reaching the AOB Identification of a Novel Receptor Family in the VNO Differential screening of a cDNA library originating from a G ␣i2 -positive neuron (VNO-C) with a cDNA probe Hydropathy analysis of the V3R ORFs identifies seven hydrophobic regions representing potential membraneoriginating from a MOE neuron (MOE-1) and a second probe resulting from the subtractive product of VNO-C spanning domains. Thus, V3Rs share the hallmark for members of the superfamily of G protein-coupled recepand MOE-1 cDNAs (see Experimental Procedures) led to the isolation of 19 independent, C-specific transcripts.
tors (GPCR). These receptor sequences (Figure 2A) show very short (7-29 amino acids) putative extracellular One of them, a 575 bp partial cDNA clone named C10 was represented at a frequency of 0.1% of the cDNA N-terminal sequences with no apparent signal peptide, and 19-30 amino acid-long intracellular C-terminal reclones in the VNO-C single-cell cDNA library. In situ hybridization on VNO cross sections with a digoxigenin gions. V3R amino acid sequences appear highly related to each other, with pairwise identity ranging from 90% antisense RNA probe of C10 revealed an expression pattern that was quite reminiscent of receptor expres-(V3R1 and V3R2) to 47% (V3R1 and V3R9 In the course of our in situ hybridization experiments We noticed that, when comparing sequence homolowith antisense receptor probes, we made the observagies shared within each family, V3R sequences appear tion of a curious and quite striking localization of the overall more highly conserved than the V1Rs and T2Rs. hybridization signal to both the cytoplasm and a distinct This might indicate that V3R sequences have emerged site within the nucleus, generating a unique bright (for most recently during evolution (see also below) or that fluorescent in situ) or blue (with the phosphatase subselective pressure-presumably the necessity to constrate precipitate) nuclear "dot." This nuclear dot is only serve recognition sites for specific classes of ligands observed in neurons with cytolasmic hybridization, indiand/or for other molecular partners-has been opcating the specificity of the labeling to neurons expresserating to eliminate sequence changes.
ing a given receptor. Similar results were obtained with both V1R and V2R probes but not with any other nonreceptor probe or sense probes. We confirmed the nuclear The Size of the V3R Family The V3R receptor probes were hybridized to mouse gelocalization of the signal on Z series of optical sections with the confocal microscope after nuclear staining of nomic DNA that had been fragmented with restriction enzymes. The V3R sequences, like many other genes cells with To-Pro3 ( Figure 4M ). This nuclear concentration of receptor RNAs may result from the combination of the GPCR superfamily, are not interrupted by introns in their coding regions. Therefore, the number of bands of an extremely high transcriptional rate together with unusual RNA stability. Alternatively, it may result from hybridizing to a given receptor probe on a genomic Southern roughly approximates the number of genes a perhaps more interesting and olfactory specific mech- of V1R and V3R probes appear to encompass most of receptor gene appears confined to small and nonoverlapping subpopulations of VNO neurons, supporting the the G ␣i2 -positive VNO population (Figures 3H and 3I) the V3Rs be distant members of a common and larger pheromone receptor family? This latter hypothesis that No signal was observed in fish and chicken. The advance of the human genome project offered the opportunity implies the existence of yet other VR-type receptors can be largely ruled out from our estimate of the sizes of to directly search for V1R and V3R orthologs. Numerous sequences were obtained from which queries with the the V1R and V3R families (see discussion below). These numbers indeed largely fit with the number of receptor highest scores were further analyzed. We observed that the human sequences were each clearly and very dispopulations expected in the apical VNO. Unambiguous functional distinction between V1R and V3R receptors tinctively related to either the V1R or the V3R gene family (Figures 5A-5C ). Interestingly, when mouse and human will await the identification of the receptors' cognate ligands and/or distinctive role in the pheromone re-V1R, V3R, and T2R sequences are depicted on a phylogenic tree (Figure 5D ), mouse and human T2Rs seem sponse. However, several set of data argue that the V1Rs and the V3Rs are likely to form distinct receptor to easily intermingle, whereas human and rodent V1Rs and V3Rs, although clearly clustering according to each families with different functional roles. First, the extremely low level of overall sequence identity shared receptor family, form species-specific subclusters. It is quite tempting to speculate that similarly, at the level of between the V3Rs, the V1Rs and T2Rs (respectively in the 20% and 15% range) strongly suggest distinct the receptor ligands, one might expect more pronounced similarities in mouse and human tastants than receptor properties. Similar evolutionary distance links receptor families that are unambiguously independent in potential pheromonal ligands.
As has been predicted in preliminary results (Dulac and functionally divergent, such as the olfactory and the adenosine receptors (20%), the opsin and the somatoand Axel, 1995), all human V1R homologs identified in our search showed deleterious mutations such as multistatin receptors (18%). More importantly, whereas receptors within each family exhibit extensive and characple frameshifts and premature stop codons, indicating the evolution of those genes to the status of nonfuncteristic consensus motifs that are likely to be tightly linked with the distinctive functional properties of each tional pseudogenes. However, although most identified human V3R sequences displayed deleterious mutations pheromone receptor family, those signature sequences are not shared across the V1R and the V3R families. within the coding region, one of them (GA6737979) appears perfectly able to generate a fully functional tranV1Rs and V3Rs thus appears like distinctive classes of receptors with only small and sparse clusters of comscript and receptor. mon amino acids that are also, although to a lesser extent, shared by the T2R as well. Discussion
We have identified a novel multigene family that encodes
The Identification of the V3R Gene Family Reveals an Unexpected Cellular Complexity Carrying seven-transmembrane domain receptors, the V3Rs, likely to represent a new class of pheromone receptors
Vomeronasal Function
The characterization of now three independent molecuin mammals. Our data suggest that the V3R family comprises over 100 genes. The expression of V3Rs is strictly lar and cellular receptor populations in the VNO raises critical issues about the sensory logic of the mammalian restricted to the VNO, and the V3Rs are found in the apical portion of the VNO neurepithelium in a specific pheromone signaling and the chemical nature of the pheromones themselves. From our study, the VNO subpopulation of sensory neurons that lack expression of both V1Rs and V2Rs, two other families of candidate emerges as a composite sensory organ, in which at least three distinct populations of chemosensory neurons are pheromone receptors. Moreover, the expression of each intermingled. This sharply contrasts with the relatively simpler cellular and molecular structure of the main olfactory epithelium in which one unique type of olfactory sensory neuron has been recognized. Surprisingly, although the range of molecules detected by the VNO is likely to be far smaller than that of odorants, three divergent candidate pheromone receptor families have been identified in the VNO, whereas one single but very large family of relatively similar OR sequences appears to fulfill the molecular requirement for odorant recognition. Could one expect yet more pheromone receptor families to be discovered in the future? A simple calculation suggests that this is rather unlikely. Our in situ hybridization data reveals that the G readily available, will be critical to assess the specificity 
